1. Introduction {#s0005}
===============

Increasing interest in brain connectivity in epilepsy reflects growing evidence that focal epilepsies affect large neural networks involved in normal brain function ([@bb0060], [@bb0145], [@bb0245], [@bb0270]). Localized and generalized epilepsies are disorders involving impairments of both anatomical and functional connections on large scales, which may be present either on the side of the epileptogenic zone or bilaterally ([@bb0025], [@bb0080], [@bb0095], [@bb0065], [@bb0150], [@bb0195], [@bb0260]). The spread of ictal activity resulting in the clinical expression of focal seizures requires the involvement of large-scale brain networks ([@bb0245]) that are considered important for seizure onset and termination ([@bb0140]).

Brain impairment distant from the epileptic focus and not revealed by underlying neuronal substrate damage, e.g. cognitive decline, may be related to disturbances of brain connectivity. An excitotoxic effect of seizures can contribute to the decline of connectivity ([@bb0050]).

Resting-state functional magnetic resonance imaging (rs fMRI) is a procedure that requires little from the participant and allows for exploration of the integrity and organization of cerebral networks. Functional resting-state network studies could identify abnormal brain organization in epilepsy, including disturbed connectivity of the basal ganglia (BG) with large scale cortical networks ([@bb0235]) or disruptions within basal ganglia networks identified by independent component analysis ([@bb0180]). Based on direct ictal recordings from the BG ([@bb0220], [@bb0230]) and anterior nucleus of thalamus ([@bb0240]) via depth electrodes, we have suggested an important role of subcortical structures in focal seizures. Interest in the role of the BG in epilepsy has increased recently in terms of their prospective use as deep brain stimulation targets for treating seizures. The BG form a very complex system of nuclei and pathways. The BG may act as an integrated system due to the unidirectional character of the major connections, the information being transformed and transmitted from the cortex via the BG into the cortex. The cortico-BG-thalamocortical circuits promote the execution of cortical programs and exercise a control function in suppressing unwanted elements. Based on a large body of experimental data, it has been proposed that the BG nuclei are structures controlling cortical seizure activity (for review, see [@bb0230]).

Even though many studies have shown disruptions in brain connectivity caused by epilepsy ([@bb0085], [@bb0120], [@bb0175], [@bb0185], [@bb0290]), the mechanisms by which the subcortical structures are related to the cortical epileptic processes are largely unknown. We hypothesize that the BG-thalamic system might modulate large scale cortical networks and this modulation might be disturbed in epilepsy.

In this study, we evaluated the contribution of subcortical structures (BG and thalamus) to the whole-brain functional connectivity changes in focal epilepsies. To achieve this goal, we used network analysis to describe the topological differences on global and regional levels; we next employed the partial least squares analysis to identify the connections contributing the most to the difference. We focused on complete connectivity matrices (weighted networks) and evaluated systematic relations between low-value correlation coefficients and network topology, especially the connectivity of subcortical structures. In addition to the existing literature, we show the advantages of combining network and partial least squares analyses and the importance of low correlations, and we provide better insight into the regional distribution of alterations and the role of subcortical structures in whole-brain functional connectivity in epilepsy.

2. Materials and methods {#s0010}
========================

2.1. Subjects {#s0015}
-------------

The study examined 46 patients with epilepsy (median age of 32.3 years; 21 males) and 20 controls (median age of 29.5 years; 14 males). The patients were epilepsy surgery candidates with pharmaco-resistant focal epilepsy. The diagnostic of the type of epilepsy was based on presurgical evaluation, including ictal video-EEG and advanced imaging methods. A MRI lesion was identified in 23 patients, while 23 patients were MR negative. In MR negative (non-lesional) patients the exact diagnosis was based on converging results of other methods, including intracranial recordings and/or surgery in some cases. All patients were investigated under their current antiepileptic medication. The study was approved by the local ethics committee; all patients were informed and agreed to participate in the study. The patients underwent a complex neuropsychological examination with Wechsler Memory Scale - III, Wechsler Adult Intelligence Scale - R, Trail Making Test (A, B), Rey-Osterrieth complex figure, Stroop test, Verbal fluency test, Behavioral Dyscontrol Scale, Test laterality, Five Digit Test, and Boston Naming Test. No patient manifested a serious cognitive impairment.

The patients were divided into 4 groups according to epileptogenic zone localization: 9 left temporal lobe epilepsy (LTLE; median age of 40.2 years; 2 males), 13 right temporal lobe epilepsy (RTLE; median age of 40.9 years; 5 males), 15 frontal lobe epilepsy (FLE; median age of 26.6 years; 10 males) and 9 parietal/occipital lobe epilepsy (POLE; median age of 30.2 years; 4 males). Based on the literature ([@bb0020], [@bb0065], [@bb0165]) and our preliminary analysis, we handled the RTLE and LTLE separately. In the preliminary analysis, we divided patients into left and right temporal epilepsy groups, and left and right epilepsy groups; as the right and left extratemporal epilepsies did not significantly differ, we pooled the data from the two sided epilepsies to the frontal and parieto-occipital lobe epilepsy groups. Among the 5 groups, there was a trend in age difference (Kruskal-Wallis H(4.66) = 8.67, p = 0.07) and a trend in a gender difference (Pearson Chi-square = 8.24, df = 4, p = 0.08). Among the 4 patient groups, there were non-significant differences in disease duration (Kruskal-Wallis H(3.44) = 0.93, p = 0.82) and significant differences in seizure frequency (Kruskal-Wallis H(3.44) = 9.57, p = 0.02, post-hoc test revealed significant difference between FLE and LTLE, p = 0.04). A higher frequency of seizure occurrence in FLE is usual. For details, see [Table 1](#t0005){ref-type="table"}. Epileptogenic zone localization, neurocognitive impairment in specific lobe functions, and the antiepileptic drugs used are presented in the Supplementary material in Tables X1--X4.Table 1Subjects\' characteristics.Table 1Number of subjectsAge[a](#tf0005){ref-type="table-fn"} \[years\]Gender (males/females)Disease duration[a](#tf0005){ref-type="table-fn"} \[years\]Seizure frequency[a](#tf0005){ref-type="table-fn"} \[1/month\]Controls20**29.5**; 26.7 ÷ 40.414/6----LTLE9**40.2**; 25.6 ÷ 65.12/7**23.0**; 5 ÷ 41**1.0**; 0.5 ÷ 4RTLE13**40.9**; 22.4 ÷ 61.15/8**14.0**; 3 ÷ 57**2.0**; 0.3 ÷ 40FLE15**26.6**; 19.7 ÷ 51.810/5**16.0**[b](#tf0010){ref-type="table-fn"}; 3 ÷ 48**7.0**[b](#tf0010){ref-type="table-fn"}; 1 ÷ 56POLE9**30.2**; 19.3 ÷ 47.94/5**18.0**; 3 ÷ 41**1.0**; 0.5 ÷ 10[^1][^2][^3]

2.2. Data acquisition and preprocessing {#s0020}
---------------------------------------

Imaging was performed with a 1.5 T Siemens Symphony MR scanner. We acquired resting-state data for each subject using a gradient echo, echoplanar imaging sequence, 15 min, 300 scans (TR = 3 s; TE = 40 ms; FOV = 220 mm; FA = 90°; matrix size 64 × 64; slice thickness = 3.5 mm; 32 transversal slices which covered the whole brain excluding the cerebellum). Subjects were instructed to lie still with their eyes closed and not to fall asleep. Following functional measurements, anatomical T1-weighted images were acquired using an MPRAGE sequence with 160 sagittal slices, matrix size 256 × 256 resampled to 512 × 512; TR = 1700 ms; TE = 3.96 ms; FOV = 246 mm; FA = 15°; and slice thickness = 1.17 mm. Simultaneously, the ECG signal was acquired with the MR-compatible BrainProducts ExG system, sampled with 5 kHz.

The ECG signal was corrected for gradient artifacts ([@bb0010]). We used the BrainVision Analyzer 2.0 tool to identify the positions of R-waves. We applied the same preprocessing pipeline to the fMRI data from each subject: realignment of functional scans, removing the physiological noise related to the heartbeat using timing of ECG R-waves and Retroicor method ([@bb0115]), slice timing correction, normalization to the standard stereotactic space, removing the residual physiological noise by regressing out the signals derived from white matter and ventricles ([@bb0300]), and smoothing by spatial filter with Gaussian kernel (FWHM = 8 mm) to improve the signal-to-noise ratio. The spatial extent of the filter was set sufficiently small to avoid artificial correlations among regions of interest. We did not restrict the fMRI time-series to any frequency band as there is evidence that functional connectivity is manifested in the whole frequency range of fMRI signals ([@bb0160]). We did not regress out the global signal. The whole brain (except the cerebellum and middle brain) was parceled into 90 regions of interest (ROI) according to the AAL atlas ([@bb0265]). The time-series of each ROI was averaged and cross-correlated using Pearson\'s correlation coefficient to form a 90 × 90 correlation matrix for each subject. To remove the nuisance effects on correlation coefficients, the matrices from all subjects (66) were concatenated to form a single 3D matrix, and the effects of age and gender were regressed out from each vector along the subject dimension.

2.3. Network analysis {#s0025}
---------------------

We described the functional connectivity with the help of network analysis on both global and regional levels. The AAL atlas was used for global and local level analyses. For more robust network analysis results, we also parceled the brain into 194 ROIs according to the Craddock atlas ([@bb0070]), with the temporal correlation as the similarity metric; subject-level similarity matrices were averaged and then submitted to clustering (*tcorr05_mean* variant). The Craddock atlas parcellation was used only for global network analysis; the 194 × 194 connectivity matrix was constructed in the same way as for the AAL atlas.

The correlation matrix defines the network; network *nodes* are the regions of interest, the *edges* represent the relations between ROIs ([@bb0055]) -- we used the Fisher\'s Z-transformed Pearson\'s correlation coefficients ([@bb0170]). The subjects\' correlation matrices can be thresholded and binarized to create adjacency matrices, or can stay intact and represent weighted network. We focused on a weighted approach because it does not discard possibly useful information as the thresholded approach does ([@bb0135]); however, we replaced negative correlations with zeros. To describe network topology, we investigated normalized characteristic path length *λ* and normalized clustering coefficient *γ*. For better insight into the network structure, we computed the regional level of these properties: node strength *w*, clustering coefficient *C*, and eigenvector centrality *EC*. The Brain Connectivity Toolbox was used ([@bb0250]), normalization assured by dividing the property value by the average property values of 100 random networks created with preserved strength, weight, and degree distributions.

A node strength *w*~*i*~ refers to a sum of edge weights incident to a given node, edge weight *w*~*ij*~ represents the relation (Fisher\'s Z-transformed correlation coefficient) between two ROIs. The characteristic path length *L* between two nodes is computed as the lowest sum of weights (from the distance matrix which we obtain from the correlation matrix by element-wise inversion) of links that need to be traversed to reach one node from another; from a global point of view it assesses functional integration (for more details on network measures, see ([@bb0055], [@bb0250])). Functional segregation can be expressed by clustering coefficient *C*, which is computed for each node separately and takes into account the connections between neighboring nodes, global value averages regional values of *C*. Higher values of average clustering imply better connectedness of neighbors; low values suggest weaker connectedness with, in extreme, a star-like topology. The small-world coefficient *σ* = *γ* / *λ* was used on a global level to relate the network topology to the small-world model and possible shifts towards more random or regular structures ([@bb0295]). We have further concentrated on second-level measure of a node\'s importance in the network -- eigenvector (*EC*) centrality. The *EC* quantifies a node\'s influence on the network in the context of the influences of its neighboring nodes, taking their connectivity strengths into account ([@bb0040], [@bb0045], [@bb0270]). The inter-group differences were determined separately for each pair control--patient-type by the Mann-Whitney *U* test because of the non-Gaussian distributions of measured properties.

2.4. Partial least square analysis {#s0030}
----------------------------------

We used a partial least square method (PLS) to find inter-group differences in the brain functional connectivity on the level of particular connections. This method was used on connectivity matrices based on the AAL atlas. The PLS method ([@bb0190]) belongs to a huge family of multivariate statistical analysis methods and therefore it has some advantages when compared to univariate methods (e.g., two-sample *t*-test). The PLS takes into account the patterns of connections among all the nodes which increase the sensitivity to subtle differences between groups that are spread over many connections. At the same time, it significantly reduces the number of tests, i.e. the multiple testing problem. Both positive and negative correlations were considered in the ensuing statistical analysis. The subjects\' correlation matrices *M*~*i*~ (adjusted for age and gender) were stacked to form a single *I* ∗ *s* matrix *M*, where *I* indicates the number of subjects and *s* indicates the number of relevant coefficients in the correlation matrix (upper triangular part without diagonal). The rows of matrix *M* belonging to each group *j* (total of *N*~*j*~ rows) were averaged, resulting in *J* ∗ *s* matrix *M\**, where *J* is a number of groups entering the PLS analysis.$$M_{j}^{*} = \frac{1}{N_{j}}{\sum\limits_{i \in \text{group}\ j}M_{i}}$$

The *M\** was then mean-corrected and subjected to PLS, which enables the finding of common group-related differences in correlation coefficients spread over respective pairs of ROIs. The PLS employs a singular value decomposition of matrix *M\** which produces orthogonal latent variables (LV).$$M^{*} = {VSU}$$

The matrices V and U are composed by vectors *v* and *u* and S is a diagonal matrix. The triplets *u*, *v*, and *s* (the respective entry of the S diagonal) compose the LVs. Each LV is then characterized by three features: vector *v* shows group-related differences, vector *u* (saliences) indicates how much each pair of ROIs contributes to the effect depicted by *v*, and singular value *s* indicates the amount (partition) of explained variability in *M\**. The significance of LVs is assessed by recalculating the PLS with permuted group membership and estimating the likelihood of obtaining a higher singular value than that obtained with the true group membership. The reliability of saliences is determined by calculating the standard error using bootstrap sampling of group members and recalculating the PLS. The level of statistical significance of LVs was set to p \< 0.05. To show the most contributing pairs of ROIs, the saliences *u* of the significant LVs were thresholded with the Z-value corresponding to p \< 0.05, FDR corrected.

The PLS was performed within MATLAB (MathWorks Inc., USA), using 5000 permutation steps and 1000 bootstrap steps. Four PLS analyses were performed to compare each patient group to the control group. Each analysis comprised only two groups and therefore it resulted in two LVs, one describing the difference between groups and the other the overall mean. In the Results section, we report the significance of the LV which describes the difference (diffLV).

2.5. Subcortical connectivity {#s0035}
-----------------------------

Since our interest lies in BG connectivity, we studied its changes and dependence on network definition. For each subject\'s network, we set threshold levels from 100% to 0% of the network density with 1% steps; at each step, a threshold value of the correlation coefficient was specified (by replacing all below-threshold values in a correlation matrix with zero, the resulting matrix would be of a given density). The node strengths of the BG and the thalami were computed on this full range of proportional threshold levels and the effects of the contributing edges were studied ([@bb0100]).

To answer our question targeting intra-subcortical connectivity and its changes due to disease, we constructed group-specific networks of 8 regions of interest -- the caudate, pallidum, putamen, and thalamus in both hemispheres. We computed the node strengths of these regions and investigated differences between groups. Other network properties were not studied because of their inappropriate use in such small networks. The Mann-Whitney *U* test was used.

3. Results {#s0040}
==========

3.1. Network analysis {#s0045}
---------------------

Network measures on the global level showed significant increases (p \< 0.05, FDR corrected) in normalized clustering (*γ*) and path length (*λ*) in LTLE, FLE, and POLE patient groups as compared to controls, computed from networks based on the AAL atlas and the Craddock atlas. The results for the AAL atlas are presented in detail in boxplots in [Fig. 1](#f0005){ref-type="fig"}, the boxplots of metrics for the networks based on the Craddock atlas are presented in Supplementary Fig. X2. These increases led to the altered small-world coefficient which was significantly decreased in all patient groups as compared to controls (p \< 0.05, FDR corrected), except the RTLE group with a decrease at 0.1 \> p \> 0.05, uncorr. We also tested differences between lesional and non-lesional epilepsy and didn\'t find any significant difference in global network properties in networks based on both AAL and Craddock atlases.Fig. 1Global level properties of examined groups, AAL atlas. Asterisks indicate statistical difference (p \< 0.05, FDR corrected) in a given property.Fig. 1

To evaluate regional level intergroup differences, we performed the Mann-Whitney *U* test separately for each ROI and graph metric (clustering coefficient, node strength, eigenvector centrality). The level of statistical significance was set to p \< 0.05, FDR corrected for investigated regional properties. The altered ROIs are shown in [Table 2](#t0010){ref-type="table"}; we highlight the higher eigenvector centrality of the precuneus in RTLE, FLE, and POLE, and of the posterior cingulum in RTLE and FLE. We also observed lower node strengths, clustering as well as *EC* of occipital areas in FLE and POLE, and inferior temporal areas and fusiform gyri in LTLE, FLE, and POLE. Supplementary Tables X5--X8 present the same results in different settings; Supplementary Figs. X3--X5 visualize regions altered in epilepsy groups in the brain space (with the use of BrainNetViewer ([@bb0305])). Supplementary Figs. X6--X7 show changes in the importance of individual nodes in the patient networks as compared to controls; the importance is defined by *EC* (Fig. X6) or betweenness centrality (Fig. X7). Since the betweenness centrality is a highly used metric, we show its alterations in patient groups when compared to controls in Supplementary Tables X9--X12. To better understand the changes in the subcortical regions that are the focus of our study, we depict boxplots of node strengths for these regions in Supplementary Fig. X8.Table 2Regional differences between patients with epilepsy and controls. *C* (clustering coefficient), *w* (node strength), *EC* (eigenvector centrality). p \< 0.05, FDR corrected. *i* indicates an increase in the patient group compared to controls, *d* means a decrease in a given property and region of interest. Results significant after FDR correction to 90 ROIs of the AAL atlas are marked by asterisks.Table 2LTLE vs. controlsRTLE vs. controlsFLE vs. controlsPOLE vs. controls*CwECCWECCwECCwEC*Frontal Sup Orb (L)--*d*--------------------Frontal Mid (L)----------------*d*------Frontal Inf Orb (L)------------*dddd*----Frontal Inf Orb (R)------------------*dd*--Olfactory (L)*dd*--------------------Olfactory (R)*d*----------------------Cingulum Post (L)----------------*i\**------Cingulum Post (R)----------*i*----*i*------Parahippocampal (L)------------*dddddd*Amygdala (L)------------------*dd*--Amygdala (R)------------*d*----*dd*--Calcarine (L)------------*dd*--------Calcarine (R)------------*d*----------Lingual (L)------------*ddddd*--Lingual (R)------------*dd*--------Occipital Inf (L)------------*dddddd*Occipital Inf (R)------------*dd*--*ddd*Fusiform (L)*ddd\**----*dddd\*ddd*Fusiform (R)------------*dddddd*Angular (L)----*i*------------------Precuneus (L)----------*i*----*i\**----*i\**Precuneus (R)----------*i*----*i\**----*i*Caudate (L)*dd*--------*dd*--------Caudate (R)*dd*--------*dd*--------Pallidum (R)------------*dd*--------Thalamus (L)--*d*--------------------Thalamus (R)--*d*--------------------Temporal Inf (L)*ddd\**------------*ddd*Temporal Inf (R)*dd*--------*dddddd*

3.2. Partial least square analysis {#s0050}
----------------------------------

We performed four PLS analyses to assess the differences in whole-brain functional connectivity between each patient group and controls.

In the LTLE group, the diffLV (the latent variable that describes the difference between groups) reached a significance level (p = 0.0014). [Fig. 2](#f0010){ref-type="fig"}a shows the most contributing pairs of ROIs. The same holds for FLE (p = 0.0016, [Fig. 2](#f0010){ref-type="fig"}b), and for POLE (p = 0.0008, [Fig. 2](#f0010){ref-type="fig"}c). In all three groups, the connectivity of subcortical regions with the cortex was disturbed and this disturbance was most important when compared to the purely cortico-cortical disturbances. For RTLE, the diffLV did not reach a significance level.Fig. 2The difference in functional connectivity between controls and a) LTLE patients, b) FLE patients, c) POLE patients. The warm/cold colors within the triangular graph depicts the Z-scores of the significantly contributing saliences *u*, i.e. the ROI pairs with significantly higher (cold colors) or lower (warm colors) functional connectivity in patients than in healthy controls. The significance level was set to p \< 0.05, corrected for multiple testing. The whisker plot shows the saliences *v*, i.e. the difference between respective groups. The difference is significant at p \< 0.05 for all three comparisons. The bar graphs show the percentage of affected connections either between subcortical and cortical areas (subcor -- cor) or between cortical and cortical areas (cor -- cor). Fr/Ci/Me/Oc/Pa/Su/Te stands for frontal/cingulate/mesiotemporal/occipital/parietal/subcortical/temporal areas.Fig. 2

3.3. Subcortical connectivity {#s0055}
-----------------------------

Based on the results from PLS analysis, we concentrated on BG connectivity changes and its dependence on network definition. We found that in all structures of interest, lower values of node strength in patient groups were clearest when the weak correlations (low-weight edges) were included as visible in [Fig. 3](#f0015){ref-type="fig"}. When the weaker links were eliminated, the difference diminished. The only structure deviating from this trend was the pallidum, where the node strength in healthy controls was actually lower when at least 40% of the weaker links were eliminated.Fig. 3Comparison of average node strength (negative correlations in absolute values) for subcortical areas as a function of applied threshold for controls and patient groups. Significant differences (p \< 0.05) are indicated by horizontal bars in incident colors.Fig. 3

Concerning intra-subcortical connectivity, we observed no statistically significant difference between any epilepsy group and controls. Fig. X9 (see in the Supplementary material) illustrates the average intra/subcortical connectivity in healthy subjects.

4. Discussion {#s0060}
=============

The goal of this study was to identify alterations in the interictal functional networks in patients with focal epilepsies when compared to healthy controls. We used two statistical approaches: complex network and partial least squares analyses. The network analysis tells about node properties and the overall topology of the network under study; the partial least square analysis provides information about altered functional connectivity at the level of connections/edges. The observed connectivity changes indicate altered networks that underlie widespread brain involvement in focal epilepsies, in the temporal LTLE as well as extratemporal FLE and POLE. The most intriguing alteration however concerned the connectivity of the subcortical structures with the cortex, which was observed consistently in all tested groups with significantly lower values in patient groups.

Consistent results were found in TLE, and similar results were also observed in patients with extratemporal epilepsy in a RSN study ([@bb0175]). They suggested that the decreased resting state functional connectivity might be a remarkable characteristic of focal epilepsy. In our study, the most notable was the decrease of connectivity between the mesiotemporal structures and the temporal and frontal lateral cortex, insula, and cingulate in LTLE in comparison to controls. In FLE, the connectivity was decreased mainly within the frontal lobe but temporal and posterior structures were also involved. In POLE, the lower values were present mainly between the parietal and frontal structures and fusiform gyrus.

4.1. Network characteristic of FC changes in epilepsy {#s0065}
-----------------------------------------------------

Several studies have reported disrupted functional connectivity in resting-state functional connectivity in patients with epilepsy ([@bb0085], [@bb0120], [@bb0175], [@bb0185], [@bb0290]). More specifically, works employing the complex network analysis approach have shown increased characteristic path lengths ([@bb0130], [@bb0060], [@bb0205], [@bb0285]) in epilepsy in fMRI as well as in white matter studies, which is in alignment with our results, and confirms the overall disruption of functional connectivity. (For review see ([@bb0085], [@bb0060], [@bb0065]).) Only one study has reported decreases in path lengths and increased functional connectivity in patients with epilepsy ([@bb0155]), possibly because it focused on subjects with bilateral MTLE. Clustering coefficients were reported as increased in epileptic subjects in previous studies ([@bb0015]) as in our results; they have also been reported as decreased ([@bb0155]); for reviews see ([@bb0060], [@bb0275]). The origins of this discrepancy are unknown and will be the subject of further research.

Combining the effects of higher characteristic path lengths and clustering coefficient in patients shifted the functional network further towards the regular end of the small-world spectrum ([@bb0295]), which corresponds to previous network-oriented studies using different modalities to construct the resting-state functional connectivity of epileptic subjects (cortical thickness correlation by [@bb0020]; EEG and MEG by [@bb0130]). Longer path lengths suggest a loss of links between functionally distant nodes, which together with increased clustering suggests better connectivity structures in close neighborhoods in most of our epilepsy groups as compared to controls. A more regular character of the network suggests decreased efficiency in transferring information between distant regions of the brain, and simultaneous excessive, possibly redundant, connectivity within functional clusters. Interestingly, the regularity of the interictal network was shown to be increasing even further during pre-ictal and ictal periods in EEG studies ([@bb0145], [@bb0215], [@bb0255]). It is worth repeating that distance here has functional, not anatomical meaning.

The redistribution of important nodes in epilepsy has been reported previously ([@bb0020], [@bb0155]) using mostly betweenness centrality. We replicated these results and we showed a similar effect with eigenvector centrality (*EC*). Both measures indicate the importance of the nodes: the betweenness highlights the nodes serving as information brokers between functionally separated clusters, whereas the *EC* measures the overall influence of the node on the network ([@bb0035]). In our opinion, the *EC* better reflects the importance of the node in the functional network, and changes to these influential nodes have a potentially large impact on the brain function. We further highlight a more pronounced influence (as measured by eigenvector centrality) of the precuneus in the networks of RTLE, FLE, and POLE, and of the posterior cingulum in RTLE and FLE. We also observed extensively lowered connectivity of the occipital areas in FLE and POLE, and of the inferior temporal areas and fusiform gyri in LTLE, FLE, and POLE.

The analysis on global and local levels revealed seemingly opposite results; whereas on the global level, clustering in normalized variants increased in the patient groups, on the local level, clustering mostly decreased in comparison to controls. The results are in opposition only at first glance. The ambiguity is probably the result of the choice of a null model for normalization. We explain our reasoning: (i) We used the model preserving node strength distribution. (ii) The average node strength was non-significantly decreased in patient groups as compared to controls. (iii) Average clustering is influenced by connectivity weights -- lower edge weights cause lower clustering. Similarly, lower edge weights lead to longer shortest paths making the characteristic path length higher. (iv) Average clustering in real networks is higher than in random networks, and ranges from 0 to 1. (v) Average clustering was non-significantly decreased in patient groups as compared to controls. These observations lead us to believe the following implications: (i) the null model used for patient groups had lower average clustering than the one used for the control group. (ii) The ratio between average clustering in the studied group and in random networks is higher than 1. (iii) In our case, this ratio was higher in patient groups than in controls.

We also showed that the weaker links contribute significantly to the changes in the networks caused by the disease. First, these links should not be simply discarded as random, as they represent mostly long-distance connections in physical space as shown in ([@bb0005], [@bb0105]) and in our data when visually inspecting the localization of these weak connections (see Supplementary Figs. X10--X12). Second, if the group difference is systematically concentrated on weaker links, any thresholding or more sophisticated techniques such as cost-integration ([@bb0110]) will mask this difference.

4.2. Lateral asymmetry of the connectivity changes {#s0070}
--------------------------------------------------

Graph theoretical analysis of anatomical connectivity provided direct evidence of large-scale network disruption in TLE with left hippocampal sclerosis ([@bb0165]). We observed that impact on the cortical connectivity depended on the laterality of the epileptogenic zone in TLE. Only LTLE manifested a significant connectivity decline, in contrast to RTLE. The asymmetry in the connectivity patterns of the TLE has been reported in several studies ([@bb0030], [@bb0075]); for review see ([@bb0280]). It was also recently reported in a network-oriented study ([@bb0065]). A resting-state fMRI displayed a pattern similar to our finding, i.e. an ipsilesional hippocampal connectivity impairment in LTLE and less marked impairment in RTLE ([@bb0210]). In one study, patients with LTLE displayed a weaker functional connectivity to the network distant from the site of seizure focus ([@bb0095]). An increase of the connectivity of the posterior default mode network (DMN) node in LTLE but not RTLE when compared to controls was also described and explained by the increased influence of the contralateral hippocampus on the ipsilesional hippocampus in RTLE, but not in LTLE ([@bb0195]). The innate cerebral asymmetry and dominance pattern could contribute to the difference in connectivity between RTLE and LTLE. The differences between connectivity in LTLE and RTLE could underlie some of the clinical differences, such as cognitive differences, noted between TLE with left- and right-sided epileptogenic zones ([@bb0125]).

4.3. Role of subcortical structures in epilepsy {#s0075}
-----------------------------------------------

The mechanisms by which the subcortical structures influence the cortical epileptic processes were largely unknown. In this study, we explored the connectivity between subcortical structures (SUB) and the cortex as well as the connectivity within the subcortical circuitry. It is interesting to note that the decrease in node strength, i.e. the ability to co-activate within the entire brain, reported in this paper in [Table 2](#t0010){ref-type="table"} was related to alterations in the domain of low correlation coefficients and not in the domain of strong connections with high correlation coefficients as shown in [Fig. 3](#f0015){ref-type="fig"}. This observation may be interpreted in light of the suggested disturbance of short and/or less frequent interactions: possibly remote control and modulation between the BG and cortical areas.

A massive disruption of connectivity between the SUB and most of the cortical regions appears to be a universal feature of the localization of related epilepsies. We observed this pattern in the LTLE as well as in the FLE and POLE. A massive decrease of connectivity between SUB and the lateral frontal cortex, SMA, cingulate, and parietooccipital cortices was observed in TLE, between SUB and the precentral and frontal medial cortices, gyrus rectus, SMA, cingulate, parahippocampal, fusiform, supramarginal and parietooccipital structures in the FLE, and in the POLE between SUB and the parahippocampal, cingulate, and fusiform gyrus, cuneus and lateral occipital cortex. However, no change was observed in the intra-subcortical connectivity. Thus, the functional connectivity within the BG-thalamic circuitry was not disturbed, the impairment concerned the connectivity of BG-thalamic circuitry with the cortical areas.

We do not analyse rich-club or the resilience of subcortical areas since they did not count as hubs in the network (due to their relatively low node strengths/correlation coefficients); these analyses target mostly hubs. Further analysis of the impact of changes in basal ganglia and thalamic functions is needed; however, large-scale network analyses are not the best way to show such detailed information.

Many studies have reported the involvement of the thalamus in various types of epilepsy. In terms of focal epilepsy, a recent study revealed a reduced thalamo-temporal connectivity in patients with TLE. The authors suggested that this network disruption may be considered the anatomic basis of a dysfunction causing seizures ([@bb0140]). Considerably fewer studies were devoted to the role of the BG in localization of related epilepsies. In a fMRI resting-state study ([@bb0235]), we observed that the epileptic process reduced the FC between the BG and large-scale resting-state networks. This may be interpreted as a sign of an altered or modified function of the BG in epilepsy.

Epileptic activity can lead to the inhibition of widespread physiological networks via subcortical structures ([@bb0090], [@bb0150], [@bb0200]). In intracerebral EEG studies, we performed direct recordings from the BG during temporal lobe seizures ([@bb0220], [@bb0225]). The BG did not generate epileptiform activity, but oscillatory activities were modified after the onset of the clinical seizure; the changes persisted after the seizure ended ([@bb0230]). The time course of the oscillatory activities together with the absence of the epileptiform activity, as well as the data in the literature, for review see ([@bb0230]), led us to suggest an inhibitory role of the BG in seizures. The BG circuits may have an inhibitory impact on cortical epileptic activity via their feedback pathways to the cortex. The central position of SUB with afferents and efferents connecting the SUB with nearly all cortical areas may play a substantial role in the large scale connectivity impairment in the epileptic brain.

5. Limitations {#s0080}
==============

The epilepsy groups were homogeneous in their SOZ localization, but the individual participants differed in the underlying etiologies. Another potential confounding factor was the variation in the antiepileptic drugs (AEDs). AEDs probably affect FC directly or via their cognitive or other effects but the large number of AEDs used in the studied cohorts makes it difficult to disentangle the effects of epilepsy from those of AEDs (for details see Supplementary material). More studies with large cohorts of patient groups are needed to elucidate the subcortico-cortical connectivity disturbance in epilepsy in more details.

6. Conclusions {#s0085}
==============

The focal epilepsies affect large-scale brain networks beyond the epileptogenic zones. Our study revealed that all three significantly disturbed groups (LTLE, FLE, and POLE) displayed cortico-subcortical functional connectivity disturbances. Redistribution of functionally important nodes and decreases in the node strength of all three studied BG structures, i.e. the putamen, caudate, and pallidum, were displayed in LTLE, FLE, and POLE. Significant and constant changes in the resting-state functional connectivity between cortical and subcortical structures in patients with epilepsy suggest an important role of the BG and thalamus in focal epilepsies.

To our knowledge, this is the first paper studying the cortico-subcortical connectivity disturbance in the separate groups of LTLE, RTLE, FLE, and POLE using identical methods. This enables our conclusion that the cortico-subcortical connectivity disturbance is a general phenomenon that can be observed in focal epilepsies of various origins.

Methodologically, we would like to emphasize the advantage of combining network and partial least squares analyses, especially when based on complete, not-thresholded, correlation matrices. Considering the results, we report findings similar to those of previously published studies. The similarity of our results to the results of other studies supports our other findings, namely the importance of low correlations, the regional distribution of alterations, and the role of subcortical structures, which bring more insight to the current knowledge of whole-brain functional networks in epilepsy.

Appendix A. Supplementary data {#s0090}
==============================

Supplementary materialImage 1
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[^1]: LT/RT/F/PO LE ... left temporal/right temporal/frontal/parietal or occipital lobe epilepsy.

[^2]: Median; range.

[^3]: Data from 13 subjects available.
